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In this contribution we bring to focus some unnoticed topological features 
of Feynman graphs hitherto obscured by the extraordinary emphasis on 
manifest covariance at every stage of the description of a quantum mechanical 
process. It is well known that the equality of the perturbation expansions 
in the Feynman formalism to those in covariant field theory was achieved 
only after painstaking efforts through laborious and longwinded arguments. 
The aim in such attempts had been to establish the equality of a single 
term corresponding to a Feynman diagram with n vertices to the sum of n! 
terms in field theory. Such equality is not so “manifest” as is the correspond- 
ence between the Feynman propagators and the field theoretical commutators. 
Our object now is to show that if only we decompose the propagators 
into positive and negative energy “arms,” a single Feynman diagram splits 
into 2n-1 diagrams which we call patterns and the correspondence between 
the 2+1 patterns and n! terms of field theory can be made “manifest” in a 
manner as to enhance the “topological beauty” of a Feynman diagram. 
The fact that the terms corresponding to patterns are not covariant should not 
worry us any mot-e than the noncovariance of n! terms since the covariance is 
preserved for the sums in both the cases. 
This idea of decomposition of the propagator was suggested and used by 
this author and his collaborators earlier in a series of papers [I, 2, 3, 41, but 
we were deterred in the pursuit of our attempts when confronted by some 
puzzling features. We shall now show that considerable insight can be gained 
if we recognize that the four-dimensional transforms of singular functions 
occurring in perturbation theory can be obtained in two stages, a three- 
dimensional transformation over space, followed by a transformation over 
time. This quite naturally leads to the decomposition of the propagator. The 
use of a simple lemma in complex variable theory combined with the conserva- 
tion law of energy resolves the “puzzle” and strikingly brings to light new 
facets of the topological structure of Feynman diagrams. The energy con- 
servation is expressed as the vanishing of the sum of energy imbalances 
associated with vertices rather than with propagators, an idea introduced by 
this author 3 years ago [5]. 
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It is hoped that such an insight into the topological features will facilitate 
the study of analytic properties of Feynman amplitudes and their physical 
interpretation. We are encouraged in this attempt by an elegant formulation 
of charge conjugation in Feynman formalism suggested as a natural con- 
sequence of this new approach. 
Thus this paper will be divided into six parts: 
1. Space and time transforms of singular functions. 
2. Decomposition of the Fermion propagators. 
3. Energy imbalance of a vertex. 
4. Composition of imbalances. 
5. Application to a process of the fifth order. 
6. Charge conjugation in Feynman formalism. 
1. SPACE AND TIME TRANSFORMS OF SINGULAR FUNCTIONS 
The Fourier transform 4(s) of a functionf(t) is defined as 
(b(s) = /y)(t)e*‘st dt, (1) 
the & sign of the exponent being chosen according to convenience. But 
this choice will be reflected in the inverse transformation as follows: 
The Fourier transforms for functions of more than one variable can be 
defined accordingly. 
In (1) we shall use the negative sign in the exponent in defining the space 
transform and the positive sign when defining the transform with respect 
to time. Correspondingly we shall have to use the opposite sign in defining 
the inverse transform. This is because our scalar product of the four 
momentum p and space-time vector x is taken as 
p-x=p,t-jxi. 
Let us consider the invariant singular functions of field theory. 
(i) We shall first take up the functions which satisfy the homogeneous 
Klein-Gordon equation. 
(3) 
(4 
70 MMAKRISHNAN 
where E = +y/m, m being the mass of the particle. If D(p’, t) is the 
three-dimensional transform of d(x) is defined by 
D(J, t) = s” d(x)e-GPx (4) -co 
from a comparison of (2) and (3) we recognize that 
D(;, t) = (-i) -& [&Et - e+iEt]. (5) 
(b) (6) 
(7) 
and 
d(x) = d+(x) + d-(x). (8) 
It is easy to recognize the space transforms, D+($, t) and D-(p’, t) of the 
functions d+(x) and d-(x). They are given by 
D+( p’, t) = (-i) & eeiEt (9) 
D-(3, t) = (-i) & e+iEt* (10) 
(ii) Let us consider now the functions A=(x), AA(x), and da(x) which 
satisfy the inhomogeneous Klein-Gordon equation. 
(4 flF(x) = 2id+(;lE) for t>O 
= -2id-(x) for t < 0. (11) 
This may be written as 
AF(x) = 2@(t) d+(x) - 0(-t) d-(x)], (14 
where e(t) is the Heaviside unit function, viz., 
s(t) = 1; t>O 
= 0; t < 0. (13) 
The three-dimensional transform D&, t) of AF(x) is easily recognized as 
D&, t) = (29-i) [!!& e-iEt _ e(-t) e+ijhtt]v 
(-2~9) 
(14) 
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(b) da(x) is defined as 
A&) = -A(x) for t>O 
= 0 for t < 0, 
and its three-dimensional transform D&, t) is given by 
D,($, t) = -(-i) f!$ [@Et - e+iE*]. 
(c) AA(x) is defined as 
AA(X) = 0 for t>o 
= A(x) for t < 0, 
and D,(p”, t) is given by 
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(16) 
(17) 
DA( s, t) = (4) 9 [e-* - e+m*]. (18) 
We now perform the transformation with respect to the fourth or time 
component. We shall multiply the three-dimensional transforms by e+*“r* 
and integral over t. 
(a) We shall denote 
D(P) = 
Z.Z 
= 
= 
the temporal transform of D(p’, t) by D(p). Thus 
s +XJ D( p’, t)e+*%* dt 
(ly) /-m?& [e--im - e-t-t(E*]e+iP~* dt 
C-9 g HP, - Jv - YPP + JPI 
( --i)(W~( PA2 - Jv4 P4) 
(19) 
= ( --i)(W( Pa - e( Pa), 
where 6 is the Dirac delta function and 
4P4) = 1 if h > 0 
=0-l if P4 < 0. (20) 
(b) Dp(p) = ICm D,($, t)e+*pa* dt
= (21)(--i) If [g e-U* _ B e+*E*] e+ip4t dt. 
(21) 
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To ensure convergence we shall multiply the first part of the integral by 
e--St and the second by eiEt and take the limit as 6 + 0. Thus 
D~( p)= (24(-i) 1: [?I!& e-fEte-rt - fi e+fme+st] e+ipbt dt 
0 
1 I --m 
(29(--i) =- 
2E I 
-1 + 1 
i(p4 - E + k) i(po +E-ie) 1 
(c) Let us denote by D&I) the time transform of D,(p’, t) 
D&p) = I’m D,(p’, t)e+““at d  
--m 
z -( +i) 11 f$ [e--iEt - e+iEt]eiiP~t & 
= (-i> 1: L& [e-iEt - e+iJ++ig4t dt. 
(22) 
The integral converges if we introduce a factor e-St and redefine D,(p) as 
follows: 
DR(p) = -(-i) 1: & [e-iEt _ e+iEt]e+iplte--rt dt 
and take the limit as E + 0. 
Thus 
(24) 
1 = (-1)(4--l) & [i(pp -IJ + i’) - 7------- Z(P, + E + 4 I (25) 
= - (p, + ic,‘e - E2 . 
(d) In a similar way DA(p) is obtained. Here the factor we use to make 
integral convergent is e+ct as c -+ 0 
DA(p) = (-i) I”, & [e-“” - e+iEt]eWe+et d  as E -P 0 
(26) 
= + (p, - ici - E2 * 
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2. DECOMPOSITION OF TIIII FERMION PROPAGATORS 
The Fermion propagator is defined by 
&@) = HiV + m) d&9, (27) 
where V = a,,~,, and yp are the Dirac matrices. Its three-dimensional 
transform 
&(j, t) = i%g {e(t)(p’ + m)e--dEt + 8( -t)(p + m)e+im}, (28) 
where the sign & on p indicates that the fourth component is fE. Mul- 
tiplying by ei”dt and integrating with respect to t after introducing the factor 
e-Ct to the first part and e+Ct o the second, we get 
. P+” i 
= ’ p,Z _ E2 = - ’ P-” 
(29) 
where the fourth component in p is p,. It is important to note that the 
fourth component in P and P are the positive and negative energies on the 
mass shell when the two parts are taken together, we obtain p + m with 
the fourth component off the mass shell. This is a remarkable feature which 
seems to have escaped attention since, from the inception of Feynman theory, 
no one was willing to tamper with the covariance of the propagator. 
From the above derivation of four-dimensional transforms, it is clear that 
the propagator for both the bosons and fermions is obtained quite naturally 
as a sum of two terms corresponding to the positive and negative “arms.” 
A Feynman diagram with n vertices and n - 1 fermion propagators breaks 
up into 2n-1 patterns if we distinguish between the positive and negative 
energy “arms.” The matrix element of each pattern is characterized by the 
product of (n - 1) energy denominators. Those corresponding to the 
positive energy are contribute denominators of the form p, - E and those 
corresponding to negative energy p, + E. We shall now show that once this 
division is made these energy denominators are composed of energy im- 
r Throughout this paper we shall use the standard Feynman notation [a. For 
convenience, we represent a four-vector by an ordinary letter, its scalar product 
with Dirac matrices y by the corresponding boldface letter and a three-vector by 
an arrow above it. The fourth component is represented by a subscript 4. 
The u’s are the usual spinors and zi = tiyd , where ti is transposed complex conjugate 
and ~2 the relativistic adjoint. 
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balances of vertices and that the denominators of field theory are composed 
of the same imbalances, grouped in a different manner. To establish the 
correspondence we first explain the concept of the energy imbalance of a 
vertex. 
3. ENERGY IMBALANCE OF A VERTEX 
We shall first define energy imbalance of a vertex when particle are 
assumed to have only positive energies. We shall then envisage negative 
energies and show that there are two choices possible for such negative 
energy particles-propagation forward or backward in time, and these 
correspond to the retarded and Feynman propagators, respectively. This 
elucidates immediately the subtle connection between the “general substitu- 
tion rule” and the Feynman formulation of it. 
To fix ideas we consider a vertex representing an incident fermion with 
momentum p’, an incident boson with momentum 9’ and an emergent fermion 
with momentum p’ + 4: Let the energies “on the mass shell” corresponding 
to these particles are E(p), E(q), and E(p + q), respectively. 
We call E(p) + E(q) - E(p + q) as the energy imbalance of the vertex, 
i.e., the quantity representing the deviation from conservation or the differ- 
ence between the energies of the incident and emergent systems. 
FIG. 1. A typical vertex. 
Let us now take a vertex with incident fermion, boson, and antifermion 
with momenta 3, z, -(p’ + z) and energies E(p), E(q), and E(p + q), 
respectively. 
The energy imbalance is obviously E(p) + E(q) + E(p + q), since in this 
case all the three belong to the incident system in conventional field theory 
and there is no emergent system. 
Now we study the consequences of applying the “general substitution 
rule,” which we state as follows: 
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An incident particle (antiparticle) characterized by certain dynamical 
attributes and internal quantum numbers is equivalent to an emergent 
antiparticle (particle) with reversed dynamical attributes and internal 
quantum numbers. 
FIG. 2. Vertex with an incident antiparticle. 
Application of this rule to the antiparticle implies that we can replace 
it by an emergent particle of momentum +(p’ + 9’) and energy --E(p + q) 
which will travel forward in time, and the energy imbalance is 
q P) + q7) + E(P + 44. 
FIG. 3. The general substitution rule for antiparticle. 
On the other hand, the Feynman substitution rule demands that the emergent 
negative energy particle travels backward in time but the energy imbalance 
is the same. This means that the imbalance can still be defined as the differ- 
ence between the energies of the incident and emergent systems provided, 
incidence and emergence are defined by the directions towards and away 
from the vertex, respectively. The conservation of dynamical attributes and 
quantum numbers relate only to such k&dent and emergent systems and is 
not related to the particles travelling forward or backward to time. 
The distinction between the two forms of the substitution rule has a con- 
sequence only when two vertices are joined by negative energy particles. 
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Thus for external lines the general and Feynman substitution rules have 
the same consequence, since in the computation of matrix elements we do 
not consider the propagation after emergence or before incidence. 
FIG. 4. Feynman substitution rule for antiparticle. 
4. COMPOSITION OF IMBALANCES 
We can join two vertices if the emergent particle in one is identical with 
the incident particle in the other. 
FIG. 5. Composition of two vertices. 
Let the second vertex consist of an incident particle of momentum p’ + 4’ 
and energy E(p + 4) and emergent particles of momentum ;’ and p’ + 4’ - i’ 
and energies E(p’) and E(p + q - q’), respectively. The energy imbalance 
is then E(p + q) + &i) - E(p + q + q’). 
Denoting the imbalances by a, and b, , respectively, the matrix element 
will contain the factor 
(30) 
Consider now the case when we have at the first vertex an emergent particle 
of energy --E(p + q) and at the second vertex, an incident particle of 
negative energy --E(p + q). Since the negative energy particle travels back 
in time the second vertex occurs earlier in time. 
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The denominator corresponding to these two vertices is 
where 
(b, + w2 + 62 + 4, (31) 
a2 = E(P + d + Jw + E(P)> 
b2 = --E(P + 4) + J%7) - E(P + 4 + 4’). 
(32) 
In Feynman theory the line connecting the two vertices is called a 
propagator, and no distinction is made between the two diagrams. The 
propagator is characterized by a quadratic denominator pa2 - E2, where 
P, = E(P) + E(p) and E = E(P + q). 
If the propagator is split into two parts with energy denominators 
p, - E(p + Q) and p, + E(p + q), we identify them to be a1 and a2 
corresponding to the first vertex in the two diagrams. If we now connect 
a third vertex to the second by the emergent fermion line, this is again a 
FIG. 6. Composition of two vertices. 
propagator which has positive and negative energy arms. If we consider the 
positive arm for this second propagator the denominators corresponding to 
the two vertices for the two diagrams will be 
and 
(-l&2 - W% + 4 + 4, 
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respectively. The occurrence of -k in the denominator and the factor (- 1) 
corresponds to the negative energy arm. 
If this procedure of composition of vertices is adopted, it is quite clear 
that a single Feynman diagram of n vertices and n - 1 fermion propagators 
(all boson lines external) is decomposed into 2+-l, patterns and the energy 
imbalances characterize the vertices of a pattern. Corresponding to a particular 
pattern various time orderings of the vertices are possible consistent with 
the requirement that the relative time ordering of adjacent vertices should 
be the same for a pattern. 
If the energy imbalances corresponding to a pattern of n vertices in 
Feynman sequence are 
a), w,..., 44, 
then the process is real if 
d(1) + d(2) + *** + d(n) = 0, (33) 
a condition representing the conservation of energy, The energy denominator 
can be written down as follows: 
If this pattern is characterized by 01 negative energy arms corresponding 
to the ith, jth,..., propagators, then the energy denominator is of the form 
(-l)“[d(l) + ie][d(l) + d(2) + k] **. [d(l) + d(2) + a** + d(i) - 4 
[d(l) + d(2) + =.. + d(i) + d(i + I) + iel 
..* [d(l) + d(2) + ..a + d(j) -k] *a*. (34) 
The negative energy arms are represented by terms with -k and the factor 
(- 1). This can be written in shorthand notation as 
(-lp[d(l), d(2) ,..., d*(i) ,..., d*(j) ,... 1. (35) 
If a possible arrangement of the vertices in a temporal sequence is I, m, n,..., 
where the lid are just the above-mentioned d’S then the energy denominator is 
(I + k)(Z + m + ic)(Z + m + n + k)..., (36) 
which we write in shorthand notation as 
[I, m, n ,... 1. (37) 
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Our task is to show that the sum of field theoretic terms corresponding to a 
pattern, with all the factors in the denominators involving +ie is equal to a 
term representing that pattern with some of the denominators involving -it- 
and an additional factor (-1) corresponding to each such denominator. 
Thus the reversal of +ic and the occurrence of the factor (- 1) turns out to be 
a simple but striking consequence of energy conservation. The summation yields 
certain denominators of the form 
[d(i + 1) + d(i + 2) + -a- + d(n) + icl, (38) 
and from energy conservation we write this as 
or 
-[d(l) + d(2) + *a* + d(i)] + ic (39) 
(-l)[d(l) + d(2) + l a* + d(i) - ic], (40) 
which corresponds to the negative energy arm in a pattern. 
A striking feature in the numerator of the fermion propagator has been 
pointed out earlier, as the occurrence of positive and negative energy “on 
the mass shell” in $ + m. This has immediately a very interesting con- 
sequence if we recognize that it is just the product of a spinor and its 
conjugate summed over spin states. 
6+-m =Cu,J, (41) 
and the factor 1/2E can be written as l/fil/fi so that to each spinor 
we can attribute the correct normalization factor. Since the propagator 
connects two vertices, we can ascribe one of the spinors to the emergent 
fermion and the other to the incident fermion at the vertices, respectively, 
and the energy denominator to the first vertex. Thus we have in the 
numerators spinors of particles with energies on the mass shell, the noncon- 
servation in intermediate states being expressed through the denominators. 
Thus the numerators are characteristic of vertices only and since the vertices 
for all field theoretical terms corresponding to a pattern are the same, the 
numerators corresponding to these field theoretical terms are the same. Hence 
the task of summation just becomes that of adding reciprocals of products 
of denominators. 
5. APPLICATION TO A PROCESS OF FIFTH ORDER 
We shall demonstrate the equivalence for n = 5, when 120 field theoretical 
terms fall into 16 groups corresponding to 16 patterns. 
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The energy imbalances of the five vertices in Feynman sequence are 
where the suffix i denotes the ith pattern and 
ai + bi + ci + di + ei = 0. (42) 
We compute the terms representing all possible temporal orderings cor- 
responding to a particular pattern, add them up and use: 
Pattern 1 
Only one field theoretical term corresponds to this pattern, 
1 
[al 9 b, > cl ,A1 ’ 
which is the same as we write for the pattern. 
Pattern 2 
One field theoretical term corresponds to this pattern: 
[e,, 4: c2 , b,] = (-1)4 [a,*, bz*~c,*,ld,*] * 
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Pattern 3 
Four field theoretical terms correspond to this pattern: 
1 
[a3 p 4: c3 , e31 + [a3 ,41 es , c31 + [a3 , es , b3 , c31 + 
1 
k+3 9 b3 , c3 P 41 
1 
=(-‘+a,,b3,C3,d3*]’ 
Pattern 4 
Four field theoretical terms correspond to this pattern: 
=(-I)3 l 
[a,*, b,*, cd*, 41 * 
Pattern 5 
Six field theoretical terms correspond to this pattern: 
1 1 1 
~a6yb6~e6,d,l + [a6,e6,~6,41 + [a,,e,,da,bJ+ [e5,a6,b5,dJ 
1 
+[ e6 , a6 f 4 , bid + [es, d,l as , b5] = (-l)’ [a6, b, , c6*, ff6*] ’ 
409/17/1-6 
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Pattern 6 
Six field theoretical terms correspond to this pattern: 
’ h,h:4,4 ’ [us,b,:c.,d8] =‘-1’2[.(I*.b*~,ca,dl * 
Pattern 7 
Nine field theoretical terms correspond to this pattern: 
[a,,b7~d,,e71 + ~~7,4~b,,e71 + [u,,d,l,e,,b,] ’ [u,,b,td,,c,] 
1 
’ b7J7~b,,e,l ’ 14,~,,~,,e71 ’ [d,,a,!e,,b,l ’ [d,,e,:a,,b,] 
1 
+ [d, , a,, b7 , ~71 = (-‘I [a7, b7 tc7*, d7] * 
Pattern 8 
Nine field theoretical terms correspond to this pattern: 
1 1 1 1 
[e8 , cg , h , a61 ’ Lea 9 ~8 ,A , b61 + [es , ~6 , b6 , d61 ’ [c6 , e6 , b6 , ~61 
1 1 
’ [CII , h f % ,431 + [CIS , h t aa , %I + [ce , e , b, , d8] + [c8 , e, , d, , bs] 
1 
’ [c8,bs:es.$l =‘-“~[~**,bgl’,c*,dg*]’ 
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Pattern 9 
Four field theoretical terms correspond to this pattern: 
= (--l)’ [a,, bo*, c#*, de*] ’ 
Pattern 10 
Four field theoretical terms correspond to this pattern: 
b IO 
1 1 
’ [~Io,cIo,40,eIol =(-‘) [a$,,~lo,~lo,~lJ * 
Pattern 1 I 
Eleven field theoretical terms correspond to this pattern: 
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Pattern 12 
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Eleven field theoretical terms correspond to this pattern: 
b 12 
1 1 
k12 , b12 : 62 , aI21 + PI2 , h2 , al2 ,cl21 + [e,, b,, , cl2 ,&I 
1 1 1 
+ Lb12 , c12 , e12 , aI21 + PI2 , e12 , cl2 ,alal + [h, , e12 , al2 ,GUI 
1 1 
+ [h, , cl2 t al2 ,-4 + I&, , al2 ,e12 , cl21 + i?h , al2 , c12 , e121 
+ P 
1 1 
12, e12 t c12, 4d ’ [b12 , c12, e12, A21 = (-‘j2 [a& , b,, , cl2 I d,*21]' 
Pattern 13 
Nine field theoretical terms correspond to this pattern: 
1 1 1 
[ala , %a ,41 seI3l + [ala )~1s ,bls ,‘4J + [al3 tcla B & , ha1 
+t 
1 1 
Ga Y Q13 f &I , %a1 + [h 343 , al8 , %a] + [CU , &a , %a ,a131 
1 1 1 
’ [Cla 3 ala s 4s 8 bml -I- [CIS 2 als , h, a 491 ’ [c, 8 4s 8 ala I ha1 
=(--(’ [a13,b&‘c dJ ’ 
' 1s 1 
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Pattern 14 
Nine field theoretical terms correspond to this pattern: 
b 14 e14 
= ( - ‘I3 [a,*, , b,, f cc4 , dT4] ’ 
Pattern 15 
Sixteen field theoretical terms correspond to this pattern: 
1 1 
+ h5, e15 1u15, A51 ’ h5, elh9 d15, aI51 ’ [c15, al5 9 e15, hd 
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Pattern 16 
Sixteen field theoretical terms correspond to this pattern: 
b d 16 16 
1 
’ Lb16 , h6 f elU , %I + lb16 , %6 , 46 ? e161 ' [h6 9 46: 46 2 %61 
1 1 
+ [h6, 46, cl6p ul61 + h6, ul6p 46, 561 ' k&6, h6t cl6p e161 
1 1 
' k&6, h6, e16, 561 ' b&6, e16s h6 j cl61 + [h6, h6i ul6p e161 
1 1 1 
+ b46, h6, e16, ul61 + b&6, e169 h6, ul6] + [46, h6, ul6, cl6] 
1 
+ [46 9 h, , $3 , 4 = (-‘)’ [u,*, , 4, t ‘; , 461 ’ 
We hope that this systematic discussion draws attention to the fact that 
the decomposition of the propagators results in the use of spinors and wave 
functions of particles on the muss shell, the nonconservation being expressed 
through the energy denominators. This new view point we believe facilitates 
the understanding of concepts of charge conjugation, parity and time reversal 
even in interaction in the same manner as for free particles since in our 
perturbation expansions only “MI the muss shell” terms occur. However, it 
is a curious fact that while the Feynman formalism is recognized to be 
equivalent to perturbative quantum field theory, transformations like charge 
conjugation, parity and time reversal are defined only for fields and have 
not yet been translated into the Feynman formalism. We now demonstrate 
that this procedure is not only possible but brings out in a very perspicuous 
manner the physical meaning of such operations for example charge- 
conjugation which look apparently formal in field theory. 
6. CHARGE-CONJUGATION IN FEYNMAN FORMALISM 
We shall first define charge conjugation in Feynman formalism and prove 
that it is identical with the conventional transformation in field theory. 
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According to Feynman rules in electrodynamics, following the usual 
notation, 
(1) an incident electron of momentum A is represented by 
u( p&-(-, 
where p, is the four momentum (energy positive). 
(2) An emergent electron is to be represented by 
qp2ff+iip2.0 
and the spinor u(p) is the solution of 
(P - +O) = 0 
(3) is the charge of the electron is assumed to be e, (which is negative) 
and the photon is represented by A, then the perturbation is represented 
by eA. 
(4) An incident positron of four momentum p, (energy positive) is 
treated as a final electron of four momentum --pr (i.e., energy negative) 
and represented by 
where 
u*,,,(p’, E) = %,2(--p‘, --EL 
the suffix referring to the spin. 
(5) An emergent positron of momentum pa (energy positive) is treated 
as an incident electron of momentum -pa (energy negative) and represented 
bY 
U( -p2)e-ic-Pabz~ 
The above procedure for the positron is expressed by the Feynman substitu- 
tion rule 
PI - -P2 
P2 - -P1* 
In this we keep the charge the same for the positive and negative electrons, 
the substitution rule safeguarding the properties of the pos&m. We shah call 
the world is which the above rules apply as the Feynman world F in which 
electrons are particles and positrons are antiparticles. 
We now define the charge conjugated Feynman world F, as that in which 
the positron is treated as a “particle” and the electron is an antiparticle and 
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(1) f4Pde- iPr.z represents an incident positron of four momentum 
(positive energy). 
(2) QJe +iPp4 represents a final positron of four momentum pa (positive 
energy). 
The positron in F, has the same free-particle wave-function as electron 
in world F. However when it interacts with a photon in the world F, , we 
assume that positron has charge -e (which is positive since the charge e 
of the electron in F is negative) and its behavior is therefore different from 
the electron in F. 
In F, , an incident electron of four momentum p, is treated as a final state 
negative energy positron of four momentum -p, and is represented by 
q -pl)eic-P1bz* 
An emergent electron of four momentum p, is treated as an initial negative 
energy positron of four momentum -p, and represented by 
*( -pz)e-i(-Pabz~ 
In F, , the charge of the positive and negative positron is assumed to be -e 
and perturbation due to interaction is represented by (-e). 
If we require that the electron scattering in F to be the same as an electron 
scattering in F, then we call the process invariant under charge conjugation. 
If in positron scattering in F, we change A to -A, the matrix element is 
identical with that of electron scattering in F, . Thus charge conjugation 
invariance can also be interpreted as requiring electron scattering in F to be 
identical with positron scattering in F itself when A is replaced by -A. 
Attention should be drawn to the fact that in going from electron to the 
positron in the same world we do not change the charge and this compels 
us to change A to -A to define charge conjugation invariance in a particular 
world. This is identical with defining charge conjugation as going over from 
electron in F to an electron in F, . It is to be noted that the Feynman substitu- 
tion principle helps us to represent either positive energy positrons in F 
in terms of negative energy electrons in F where electrons are particles, or 
positive energy electron in F, in terms of negative energy positron in F, 
where positrons are particles. Charge conjugation takes a positive energy 
electron in F, to negative energy positron in F, of a positron in F, to a negative 
energy electron in F. 
In any scattering process involving particles and antiparticles, we first use 
the substitution principle to redefine the scattering process in terms of 
particles only which may therefore have negative or positive energies and 
define the following six transformations only on the dynamical attributes. 
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(9 Pz 4 -p+,s+ --s 
Reversal of x component of momentum and reversal of spin from z to --x 
direction. 
(ii) p,+ -pV,s-t --s 
Reversal of p,, component of momentum and reversal of spin from z to -a 
direction. 
(iii) p, + -p, 
Reversal of the z component of momentum. 
(iv) E + -E 
Reversal of energy. 
(4 E -+--E,p-+-p or reversal of the four dimensional momentum. 
(4 m -+ -m reversal of mass. 
The matrix element is integral over space and time and intermediate 
momenta. Before these integrals are performed the integrand will contain 
both energy momentum, spin and space-time variables. All transformations 
we have defined apply only to energy momentum and spin wherever they OCCUY 
in the matrix element. 
The transformed matrix elements can also be obtained by the alternative 
prescription corresponding to the same transformation: 
and 
4 PI + Ydw(P) 
x--t -x, 
i.e., we reverse only spatial x coordinate and operate y x yE on the spinors 
wherever they occur in the matrix element. This is equivalent to the previously 
defined transformation of changing pz -+ -p, and s, + -s, . 
Similarly we identify operations corresponding to transformations on the 
dynamical attributes and obtain the following table: 
Transformation in dynamical 
variables only 
Transformation of space 
coordinates and the spinor only 
Pz + -Pa 9 s, + -s, YZYS - x 
Pv - -Pu , +sz --f -s, YVYS - Y 
P. - -P. YSYS - .z 
E-t-E YtY.5 - t 
P - -P Ys - x 
m+ --m Y6 
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A very interesting feature may be noted if we complex conjugate a spinor, 
we just change p, to -p, in the spinor. Therefore this implies that the 
complex conjugate a spinor of spin s, is obtained also by operating the 
spinor of spin -s, by y2y6. 
We are now in a position to demonstrate the equivalence of the charge 
conjugation as defined above with the conventional operation in field theory. 
The equation for the interacting field is given as 
(iv - eA + m)# = 0 
A,(x) = -?J,w. 
We define the charge conjugation C through 
*c = W” = YE+* 
by requiring I& to satisfy the same equation as 16 if A + -A. In the absence 
of interaction this is usually written in terms of free particle spinors 
By using the properties of yZys mentioned in the table 
and 
[~~I&+-ipT = 4wdP)e fivx * 1 
= ul,z(p)e-iP*z. 
If we change e to -e, we can interpret the above as the spinor of an 
incident positron in F, . Thus the operation uc(p) = u(p) take us to the 
world F, in which the charge is -e, while F refers to the world characterized 
by charge e. 
We hope to apply these ideas to transformations like parity and time 
reversal and extend them even to cases when the “interaction” is switched on. 
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